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Influenza A virus transactivates the mouse envelope
gene encoding syncytin B and its regulator, glial cells
missing 1

Linnéa Asp, Christoffer Nellåker, and Håkan Karlsson

Department of Neuroscience, Karolinska Institutet, Stockholm, Sweden

Recently, two candidate analogs for human syncytin, denoted syncytins A and
B, were identified in the murine genome. These were found to have expression
patterns and functions similar to human syncytin. In addition, the identifica-
tion of glial cells missing (GCM)-binding motifs in putative promoter regions of
the mouse syncytins imply analogous regulation. Transcriptional modulation
of syncytin by exogenous agents was recently suggested by studies reporting
transactivation of syncytin in human cell lines following virus infections. The
authors report that influenza A virus infection increased the levels of tran-
scripts encoding Gcm1 and syncytin B, but not syncytin A, in NIH-3T3 cells as
well as in mouse primary neurons or glia. Overexpression of human GCM1 in
NIH-3T3 cells resulted in increased levels of transcripts encoding syncytin B
but not syncytin A. Systemic administration of neurotropic influenza A virus
resulted in a neuronal infection and increased levels of Gcm1-encoding tran-
scripts in brains of young mice. The mouse may therefore be useful for studies
on the expression and function of endogenous retroviral envelope genes and
transcription factors regulating their expression in the placenta and brain dur-
ing physiological or pathological conditions. Journal of NeuroVirology (2007)
13, 29–37.
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Introduction

A human endogenous retrovirus (HERV) element in
the W family on chromosome 7q21.1 contains an
intact env gene highly expressed in the human pla-
centa, where it has been proposed to play an im-
portant role in the formation of the syncytiotro-
phoblast cell layer (Blond et al, 2000; Voisset et al,
1999, 2000). In light of its fusogenic properties, me-
diated via binding to the ASCT1 and ASCT2 amino
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acid transporters (Blond et al, 2000; Lavillette et al,
2002), the protein has been denoted syncytin (Mi
et al, 2000). Expression of syncytin appears to be
more or less restricted to the human placenta, al-
though it has also been observed in microglia of nor-
mal human brains (Perron et al, 2005).

Reduced levels of syncytin transcripts and pro-
tein have been observed in placentas from preg-
nancies complicated by preeclampsia (Keith et al,
2002; Knerr et al, 2002; Kudo et al, 2003; Lee et al,
2001). Increased expression of syncytin has been
observed in microglia/macrophages in acutely de-
myelinating plaques in brains from patients with
multiple sclerosis (Antony et al, 2004; Perron et al,
2005). Antony and coworkers (Antony et al, 2004)
further reported that ectopic expression of syncytin
in the murine corpus callosum induced oligodendro-
cyte death and caused neurobehavioral deficits remi-
niscent of those observed in patients with multiple
sclerosis. Ruprecht and coworkers (Ruprecht et al,
2006) recently reported induction of a HERV-W enve-
lope protein, likely representing syncytin, by herpes



Influenza A virus transactivates syncytin B and Gcm1
30 L Asp et al

simplex type 1 virus. In addition, we reported in-
creased levels of transcripts encoding syncytin fol-
lowing influenza A virus infection in different human
cell-lines (Nellaker et al, 2006). Furthermore, signs of
mitochondrial toxicity were observed in cells overex-
pressing syncytin. Taken together, these reports sug-
gest that a normal, high-level expression of syncytin
in syncytiotrophoblasts is crucial for placental de-
velopment and functioning, whereas its induction in
extraplacental tissues may adversely affect cellular
functions.

Studies on the transcriptional regulation of the
gene encoding syncytin have identified cyclic adeno-
sine monophosphate (cAMP)-responsive elements in
a promoter region (U3) of the 5′ long terminal re-
peat (LTR) and an upstream, trophoblast-specific en-
hancer element (Prudhomme et al, 2004). The tran-
scription factor glial cells missing (GCM)1 has been
reported to enhance expression of syncytin-encoding
transcripts in cell types derived from the human pla-
centa and has been suggested to mediate a tissue-
specific, high level expression in this organ (Cheng
and Handwerger, 2005; Prudhomme et al, 2004; Yu
et al, 2002).

It is not known if other mammals in which
trophoblast fusion occurs (e.g., mice) have also
adopted retroviral envelopes. Recently, Dupressoir
and coworkers (Dupressoir et al, 2005) identified two
open reading frames encoding retroviral envelope
proteins, denoted syncytins A and B, in the mouse
genome. These were found to be expressed mainly
in the mouse placenta and were found to efficiently
fuse certain cell types when overexpressed in vitro.
Although phylogenetically unrelated to human syn-
cytin, these murine envelope proteins are thus good
candidate analogs of human syncytin. This notion
is further supported by the alleged identification of
GCM-binding motifs in putative promoter regions of
both of these genes (Dupressoir et al, 2005), imply-
ing analogous regulation. The importance of Gcm1
for placental development in the mouse is supported
by the finding that mice lacking Gcm1 die between
gestational day 9.5 and 10 due to failure to develop
a functional syncytiotrophoblast layer (Cross et al,
2002; Schreiber et al, 2000).

Human GCM1 and mouse Gcm1 are orthologs of
gcm/glide identified in Drosophila, in which gcm is
expressed in all embryonic glia except mesoderm-
derived midline glia. Gcm mutants lack lateral glia,
whereas ectopic expression of gcm in neurons causes
glial transformation (Hosoya et al, 1995; Jones et al,
1995). A corresponding role in the mammalian brain
was suggested by Iwasaki et al (2003), who reported
that overexpression of mouse Gcm1 in mouse fi-
broblasts induced expression of the astrocyte marker
S100b. Furthermore, they reported the induction of
gliogenesis by Gcm1 both in vitro and in vivo.

Taken together, these studies suggest the existence
of endogenous retroviral env genes in the mouse
genome, with high levels of expression in the mouse

placenta, potentially mediated by Gcm1. If so, the
mouse may be used as a model to study the regula-
tion and potential roles of such genes in the placenta
and brain during physiological or pathological con-
ditions.

In the present study we investigated the influence
of influenza A virus infections on the transcription
of the genes encoding mouse Gcm1, syncytin A, and
syncytin B in vitro and in vivo. Furthermore, we in-
vestigated if Gcm1 is involved in the transcriptional
regulation of syncytin A and/or syncytin B.

Results

Influenza A virus infections in vitro
Twenty-four hours after infection with 0.5 multiples
of infection (MOI) of influenza A/WSN/33 virus, NIH-
3T3 cells contained 9.1-fold elevated levels of tran-
scripts encoding Gcm1 and 3.7-fold elevated levels
of transcripts encoding syncytin B as compared to
baseline conditions. The relative levels of transcripts
encoding syncytin A were however not affected by
the infection (Figure 1A). Because these observations
were made in a mouse fibroblast cell line, we next de-
termined the influence of the influenza A virus infec-
tion on the expression of the genes encoding Gcm1,
syncytin A, and syncytin B in primary cells derived
from mouse brain.

Primary cultures of mouse hippocampus neurons
or cortical glial cells were inoculated with 0.5 MOI of
influenza A/WSN/33 virus. Similarly to what we ob-
served in the NIH-3T3 cells, both of these cell types
responded with increased levels of transcripts en-
coding Gcm1 and syncytin B, whereas the levels of
transcripts encoding syncytin A remained at levels
similar to those observed in uninfected control cul-
tures (Figure 1B, C). Thus, the levels of transcripts
encoding Gcm1 appear to vary concurrently to those
encoding syncytin B.

Transfection of NIH-3T3 cells with human GCM1
To investigate if Gcm1 mediates syncytin B expres-
sion, NIH-3T3 cells were transfected with a plas-
mid construct containing the open reading frame en-
coding human GCM1 controlled by the immediate
early cytomegalovirus promoter. Because the pro-
moter for human syncytin has been reported to be
responsive to cAMP-dependent factors (Knerr et al,
2005; Mi et al, 2000; Prudhomme et al, 2004), GCM1-
transfected cells and control cells transfected with an
expression plasmid encoding enhanced green fluo-
rescent protein were cultured in the presence or ab-
sence of forskolin, an activator of adenylate cyclase,
resulting in elevated cellular levels of cAMP (Seamon
and Daly, 1981). In light of the previous identification
of S100b being a target gene for Gcm1 (Iwasaki et al,
2003), we determined the levels of such gene tran-
scripts in these cultures. As expected, cells overex-
pressing GCM1 contained considerably higher levels
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Figure 1 Levels of transcripts in influenza A/WSN/33 infected
NIH-3T3 cells and primary cells. The levels of transcripts encoding
Gcm1, syncytin A, and syncytin B in virus infected NIH-3T3 cells
(A), primary neurons (B), and primary glial cells (C) are shown. The
levels of transcripts in infected cells (+) are normalized to those
observed in control cells (−). The box-and-whisker plots represent
data from six to eight cultures in each group. The box extends from
the 25th percentile to the 75th percentile, with a line at the median.
The whiskers show the highest and lowest values. ∗P < .05; ∗∗P <

.01; ∗∗∗P < .001.

of S100b transcripts than did control cells (21-fold).
Although forskolin treatment alone of the NIH-3T3
cells did not affect the levels of S100b transcripts,
the combination of forskolin treatment and GCM1
overexpression further, significantly, increased the
levels of S100b transcripts to 37-fold the levels ob-
served in control cultures (Figure 2A). In addition
to the induction of S100b transcripts, overexpres-
sion of GCM1, but not forskolin treatment, resulted
in a significant, 2.5-fold increase in the levels of tran-
scripts encoding syncytin B (Figure 2B). These levels
were further increased by forskolin, to 3.5-fold the
levels observed in control cells, although the effect
of forskolin was not significant when compared to
transfected cells. The levels of transcripts encoding
syncytin A were not affected by forskolin-treatment
or by GCM1 overexpression (Figure 2C). The levels of
syncytin A–encoding transcripts were, however, sig-
nificantly elevated in transfected cells treated with
forskolin as compared to forskolin-treated cells or
GCM1-transfected cells (Figure 2C). Taken together,
these results suggest that S100b and syncytin B are
target genes for Gcm1. The effect of forskolin treat-
ment of transfected cells on the activities of these
genes and that encoding syncytin A support addi-
tional influences of cAMP-mediated events on their
mRNA levels. Forskolin-treatment alone of the NIH-
3T3 cells investigated did not detectably affect the
endogenous levels of transcripts encoding Gcm1 as
compared to control cells (data not shown).

Identification of GCM-binding motifs
Fifty-kilobase regions of the murine genome contain-
ing the S100b gene and the two open reading frames
(ORFs) encoding the murine syncytins, respectively,
were screened for the presence of GCM-binding mo-
tifs (Akiyama et al, 1996; Schreiber et al, 1997). Iden-
tified sites in these sequences are indicated by ver-
tical lines in Figure 3. The positions of the S100b
gene locus and the two open reading frames encod-
ing syncytin A and syncytin B, respectively, are also
indicated. In the 5′-flanking region of the S100b lo-
cus, we identified five GCM-binding sites located 6.9,
9.8, 13, 14, and 21 kb upstream of the transcriptional
start. Three such sites were identified 5′ of the ORF
encoding syncytin B: 1.3, 2.4, and 3.3 kb upstream
of the translational start, whereas one such binding
site was identified at 2.9 kb 5′ of the ORF encoding
syncytin A.

mRNA levels in vivo
In their study, Dupressoir and coworkers (Dupressoir
et al, 2005) investigated the levels of transcripts en-
coding syncytin A and syncytin B in different em-
bryonic and adult mouse tissues, reporting high lev-
els of both transcripts in placenta after gestational
day 11.5. Appreciable expression of the two tran-
scripts was not detected in other tissues with the ex-
ception of adult brain tissue, which contained de-
tectable levels of transcripts encoding syncytin A
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Figure 2 Levels of transcripts in transfected NIH-3T3 cells. The levels of transcripts encoding S100b (A), syncytin B (B), or syncytin A (C)
in NIH-3T3 cells transfected with EGFP expression plasmid (controls), cells transfected with human GCM1, cells treated with forskolin,
and cells transfected with human GCM1 in the presence of forskolin are shown. The levels of transcripts in each group are normalized to
those observed in control cells. The box-and-whisker plots represent data from seven cultures in each group. The box extends from the
25th percentile to the 75th percentile, with a line at the median. The whiskers show the highest and lowest values. ∗P < .05; ∗∗P < .01;
∗∗∗P < .001.

(Dupressoir et al, 2005). Iwasaki and coworkers pre-
viously reported high levels of transcripts encoding
Gcm1 in the mouse placenta, as well as detectable
levels of such transcripts in embryonic mouse brains
at midgestation after which the levels in the brain
declined (Iwasaki et al, 2003). By quantitative real-
time polymerase chain reaction (PCR), we deter-
mined the levels of transcripts encoding Gcm1, syn-
cytin A, and syncytin B relative to those encoding
glyceraldehyd-3-phosphate dehydrogenase (GAPDH)
in whole brains from C57BL/6 mice of different ages,
ranging from embryonal day (E)17 to day 24 of post-
natal life (P24). For a comparison, the levels observed
in E17 placentas were also determined. As can be
seen from Figure 4, the highest levels of all three
transcripts were detected in the placentas, with those
encoding syncytin B present at approximately 8-fold
higher levels than those encoding syncytin A. E17–
P7 brains harbored readily detectable levels of tran-
scripts encoding Gcm1, which declined substantially
at later stages. Transcripts encoding syncytin A were
detected at relatively high levels in the brain tissues,
as compared to transcripts encoding Gcm1. These
levels appeared fairly constant throughout the dif-
ferent ages investigated. Similar observations were
made for transcripts encoding syncytin B, although

Figure 3 Identification of GCM-binding motifs. Fifty-kilobase re-
gions of the murine genome containing the S100b gene (A), the
ORF encoding syncytin B (B), and the ORF encoding syncytin A
(C) are shown. GCM binding motifs are indicated by vertical lines.
The exons and introns of the S100b gene are indicated by grey and
white boxes, respectively. The ORFs encoding syncytins A and B
are indicated by grey boxes.

these transcripts were present at approximately 40-
fold lower levels than those encoding syncytin A.
Analyses of the levels of the three different tran-
scripts in dissected brain regions gave similar results:
transcripts encoding syncytin A were detected at the
highest levels in all three regions, followed by inter-
mediate levels of syncytin B and low levels of tran-
scripts encoding Gcm1, regardless of age (Figure 5A–
C).

Influenza A/WSN/33 virus infection of mice
In vivo, neurovirulent strains of influenza A virus
can target the mouse brain with an ensuing neu-
ronal infection following systemic administration
(Reinacher et al, 1983). We thus investigated if the
A/WSN/33 virus infection can target the brain and
modulate the expression of Gcm1 in vivo. Three-day-
old C57BL/6 mice were therefore injected intraperi-
toneally with 2400 plaque-forming units (PFU) of

Figure 4 Levels of transcripts in brain and placenta. The average
levels of transcripts encoding Gcm1, syncytin A, and syncytin B in
brains from animals sampled at the following ages: embryonal day
(E)17, postnatal day (P)3, P7, P13, and P24 (n = 6–9 in each group).
For a comparison, the levels of these transcripts in the placenta
at E17 (n = 7) are also indicated. In order to allow a comparison
between the different transcripts, the levels of all transcripts are
normalized to those encoding Gcm1 in brains at P13.
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Figure 5 Levels of transcripts in brain regions. The level of transcripts encoding Gcm1, syncytin A, and syncytin B in cortex (A),
hippocampus (B), and cerebellum (C) at the following ages: postnatal day (P)3, P10, P15, and P27 (n = 2). To allow a comparison across
genes, ages and regions the levels of transcripts in each group are normalized to those observed for Gcm1 in cortex at P27.

influenza A/WSN/33 virus. Four days after the infec-
tion all mice survived. At this time point, viral RNA
and antigens were detected in the brains of each of
the infected animals, as determined by reverse tran-
scriptase (RT)-PCR and immunohistochemistry (Fig-
ure 6A). The relative levels of transcripts encoding
Gcm1 in these brains were elevated by 6.4-fold as
compared to the levels observed in control mice in-
jected with phosphate-buffered saline (PBS) (Figure
6B). The levels of transcripts encoding S100b, syn-
cytin A, and syncytin B were, however, detected at
levels similar to those observed in control animals
(data not shown).

Discussion

In the present study, we report that an influenza
A/WSN/33 virus infection triggers transcriptional ac-

Figure 6 Immunohistochemical detection of influenza
A/WSN/33 and levels of transcripts encoding Gcm1 in mouse
brain. (A) In brains from mice sampled 4 days after i.p. injection
of 2400 PFU of influenza A/WSN/33 virus, positive staining of
neurons was observed in the motorcortex and amygdala. The
insert shows RT-PCR products corresponding to segments 5 (NP),
6 (NA), and 7 (M) of the influenza A/WSN/33 virus and ß-actin.
(A) (+), virus infected brain tissue; (−), control brain tissue.
(B) Levels of transcripts encoding Gcm1 in brain tissue from
mice sampled 4 days after i.p. injection of PBS or 2400 PFU of
influenza A/WSN/33 virus. The levels of transcripts in infected
brain tissues are normalized to those observed in control brain
tissues. The box-and-whisker plot represents data from seven
brains in each group. The box extends from the 25th percentile to
the 75th percentile, with a line at the median. The whiskers show
the highest and lowest values ∗∗ P < .01.

tivation of the gene encoding the transcription factor
Gcm1 in NIH-3T3 cells as well as in primary cul-
tures of mouse hippocampal neurons or cortical glia.
In such infected cultures, transcripts encoding syn-
cytin B were detected at elevated levels as compared
to uninfected control cells. Similar findings regard-
ing human syncytin were recently reported in dif-
ferent human cell lines following influenza A virus
infection (Nellaker et al, 2006). Overexpression of
human GCM1 in NIH-3T3 cells induced transcrip-
tion of the gene encoding S100b, consistent with the
previous findings by Iwasaki and coworkers (Iwasaki
et al, 2003) and with the presence of five GCM-
binding motifs within 21 kb upstream of the tran-
scriptional start. Induction of transcripts encoding
syncytin B in such transfected cells, albeit to a lesser
degree, appears consistent with the identification of
three GCM-binding motifs within 3.3 kb upstream of
the open reading frame. The levels of transcripts en-
coding syncytin A were not affected by virus infec-
tion or by GCM1 overexpression in the NIH-3T3 cells,
although we identified a single GCM-binding motif
2.9 kb upstream of the ORF. GCM binding sites may
not be functional in all cell types as is the case in
human nonplacental cells. In such cells, overexpres-
sion of GCM1 fails to induce syncytin transcription,
although it is a functional enhancer of syncytin ex-
pression in choriocarcinoma cells (Yu et al, 2002).
The lack of expression of syncytin in human non-
placental tissues has been suggested to be caused
by heavy methylation of the upstream regulatory se-
quence in such tissues (Matouskova et al, 2006). The
restricted expression of human syncytin (Blond et al,
2000; Mi et al, 2000), however, contrasts to that of
mouse syncytin A, which was expressed in all cell
types and tissues investigated here. Taken together,
our observations in both virus-infected and GCM1-
transfected cells therefore suggest that Gcm1 is in-
volved in the transcriptional regulation of syncytin
B. Our observation that forskolin treatment enhanced
the transcriptional activities of the genes encoding
S100b and syncytin B in GCM1-transfected cells but
not in control cells is in agreement with the pre-
vious finding that forskolin induces protein kinase
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A–mediated stabilization of the GCM1 protein by
CREB-binding protein (CBP)-mediated acetylation of
GCM1 and thereby increases its activity (Chang et al,
2005). Knerr and coworkers (Knerr et al, 2005) pre-
viously reported that forskolin-treatment of human
choriocarcinoma cells or primary trophoblast cells
induced transcription of the gene encoding GCM1.
This did not appear to be the case in the NIH-3T3
cells investigated here because Gcm1-encoding tran-
scripts remained at the levels observed in control
cells following forskolin treatment. The levels of tran-
scripts from the gene encoding syncytin A were not
affected by either GCM1 overexpression or forskolin
treatment, whereas the combination of the two sig-
nificantly elevated the levels of such transcripts. The
role played by Gcm1 and other cAMP-dependent fac-
tors in regulating syncytin A expression remains to
be established.

Our finding that the influenza A virus infection can
induce transcription of Gcm1 in both primary neu-
rons and glia as well as in whole brain preparations in
vivo suggests a mechanism by which viral agents may
interfere with the development of the brain and in-
duce persistent changes in gene expression long after
the infection has been cleared (Asp et al, 2005). Ac-
cording to our current in vivo data, Gcm1 is transcrip-
tionally active at the time point when the mice were
infected; whether ectopic expression of Gcm1 can be
induced by a virus infection at later time points is,
however, not known. The acute and long-term effects
of such insult are the subject of our current studies.

To understand the role of the GCM family of tran-
scription factors in the development of the mam-
malian brain, additional target genes need to be iden-
tified. Other outstanding questions are of course to
identify the physiological roles of syncytin A and
syncytin B in the murine brain. Furthermore, the
pathways activated by the virus infection that are re-
sponsible for inducing transcription of Gcm1 remain
to be determined. Identification of such pathways
will most likely also shed light on the mechanisms
regulating expression of GCM1 during physiological
and pathological conditions, which so far remain un-
known. Although expression of GCM1 in the human
brain has not been studied to date, it is interesting
to note that increased levels of syncytin mRNA and
protein have been detected in brains from patients
with multiple sclerosis (Antony et al, 2004; Perron
et al, 2005). Our current findings therefore suggest
that the mouse can be used to model the role of
GCM1/syncytin not only in the placenta but also in
the brain.

Material and methods

Animals and primary cell cultures
C57BL/6 mice were bred at the Microbiology and
Tumor Biology Center, Karolinska Institutet, Stock-
holm, Sweden, and handled according to institu-

tional guidelines. For preparation of primary cell cul-
tures, embryos from pregnant mice were used. The
experiments were performed in accordance with per-
missions from the regional ethical committee for an-
imal experiments (N34/05 and N264/05).

Hippocampal cultures were established as de-
scribed previously (Owe-Larsson et al, 1997). Briefly,
hippocampi from E16 embryos (day of vaginal plug
= E0) were dissected, collected, and dissociated in
0.1% trypsin (Gibco, Paisley, Scotland, UK). The
cells were plated on poly-L-lysine- (Sigma, St. Louis,
MO) coated 35-mm tissue culture plates (Corning,
New York, USA) at 3–4 × 105 cells/dish and cul-
tured in Neurobasal medium supplemented with
B27, 2 mM L-glutamine, and gentamicin (all from
Gibco). The medium was not changed prior to ex-
periments, which were performed after 7 days of
culture. Glial cell cultures were established by dis-
secting cortex from E16 embryos and processing the
tissue as described above. Cells were cultured in
1:1 Dulbecco’s modified Eagle’s medium (DMEM):F-
12 medium with the following additives: G-5 Sup-
plement (1×), 10% fetal bovine serum, penicillin G
sodium (40 U/ml)/streptomycin sulfate (40 μg/ml) all
from Gibco. The glial cell cultures were used after
two to three passages, a time point at which cells
stained positive for the glial marker glial fibrillary
acidic protein.

Brain samples
Whole brains were sampled at each of the following
time points: embryonal day (E)17 and on postnatal
days (P)7, P13, and P24. The brains were removed
and snap-frozen on dry ice. From two animals, the
hippocampus, cortex, and cerebellum were dissected
from freshly prepared brains at each of the following
time points: P3, P10, P15, and P27.

Influenza A/WSN/33 infections of cultured cells
Influenza virus A/WSN/33 was obtained from Dr.
S Nakajima (The Institute of Public Health, Tokyo,
Japan), and propagated on MDCK cell monolayers
in MEM supplemented with 0.2 mM L-glutamine,
0.1 M Hepes buffer (Gibco), 0.2% bovine serum al-
bumin (BSA) (Sigma), and penicillin G sodium (50
U/ml)/streptomycin sulfate (50 μg/ml) (Gibco). The
virus titer was 2.4 × 107 PFU/ml, as determined
by plaque assays on MDCK cells in the absence of
trypsin (Tobita et al, 1975). For infection with in-
fluenza A/WSN/33 virus, cell cultures were washed
twice with MEM before addition of virus diluted in
MEM (0.5 multiples of infection, MOI). The cultures
were carefully agitated every 10 min and after 1 h at
37◦C in 5% CO2, virus supernatants were removed,
and complete cell culture medium was added. The
infection in glial cells and NIH-3T3 cells (kindly pro-
vided by Dr Martin Rottenberg, Karolinska Institutet)
were allowed to proceed for 24 h and in hippocampal
neurons for 48 h in a humidified 5% CO2 incubator
at 37◦C.
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Influenza A/WSN/33 infection of mice
C57BL/6 mice were infected intraperitoneally with
2400 PFU of influenza A/WSN/33 virus suspended in
30 μl of PBS on postnatal day 3. Control animals were
injected similarly with PBS. In brains from animals
sampled at P7, the presence of RNA corresponding
to segments 5, 6, and 7 of the influenza A/WSN/33
virus genome were determined by RT-PCR and viral
antigens in the brains were analyzed by immunohis-
tochemistry (see below).

Immunostaining
For immunohistochemical labeling of influenza A
antigens, series of 12-μm coronal cryostat sections
were incubated with a rabbit polyclonal anti-WSN
serum (1:1000; a gift from Dr. S Nakajima) and sub-
sequently with a secondary biotinylated swine anti-
rabbit immunoglobulin G (IgG) (1:400; DAKO A/S,
Denmark). Immunopositivity was visualized after in-
cubation with avidin-biotinylated horseradish per-
oxidase followed by incubation in sodium acetate
buffer containing hydrogen peroxide and 3-amino-
9-ethylcarbazole, as previously described (Aronsson
et al, 2001).

Cloning and transfection of human GCM1
Bases 115 to 1551 in sequence NM 003643, spanning
the complete ORF encoding glial cells missing
1 (GCM1), were amplified from a commercially
available human placental cDNA (Ambion,
Austin TX) using the sense primer 5′-GGCCGA-
TCCAGCTATATCAA-3′ and the antisense primer
5′-CTGGGGTGCACATAGTGAAA-3′. One-microliter
cDNA template was added to a 50-μl reaction con-
taining 1× Advantage 2 Polymerase Mix (Clontech,
Mountain View, CA) and subjected to 20 cycles of
amplification a Gen Amp PCR system 9700 (Applied
Biosystems, Palo Alto, CA) with the following

Table 1 Transcripts analyzed by Real-time PCR and RT-PCR, accession numbers, and primer sequences

Target
Accession numbers
(position, strand) Primer sequence, 5′ to 3′

Gcm1 NM 008103 AGTAGACAAGGTCTTCTCACTCAAGCT
GGCACGGTGACTTTCTATTCCT

Syncytin A AF289664 (77413-79263, −) GAAGAGTGCTGCTTCTACATAAACCA
GAGTTCCGAGGCCCTTTCTC

Syncytin B AC134575 (80271-82124, +) CCACATCCTACGTGATACCAACTC
CCGCTGGGTTTGGGTAGAC

S100b NM 009115 TGGTTGCCCTCATTGATGTCT
TTCTGACTTCTTCAGTTGTGCTT

GAPDH NM 001001303 TGCACCACCAACTGCTTAGC
CAGTCTTCTGAGTGGCAGTGATG
Probe:
TGGAAGGGCTCATGACCACAGTCCA

Segment 5 of WSN/33 (NP) AF306656 GAATGGACGGAGAACAAGGA
ACGGCAGATCCATACACACA

Segment 6 of WSN/33 (NA) L25817 ATCTCTTTGTCCCATCCGTG
ACCAAGCAACCGATTCAAAC

Segment 7 of WSN/33 (M) L25818 CAGAGGCCATGGATATTGCT
CTCTGGCACTCCTTCCGTAG

conditions: initial heat activation at 94◦C for 2 min
followed by 20 cycles of 94◦C for 30 s, 68◦C for 2 min,
with a final extension of 7 min at 68◦C. Amplified
fragments were TA-ligated into the pcDNA3.1/V5-
HIS-TOPO plasmid (Invitrogen, Carlsbad, CA).
Recombinant plasmids were propagated in TOP10
cells (Invitrogen). Plasmids with insert in sense
and antisense orientations were purified with the
Endo-free plasmid maxi kit according to instructions
from the manufacturer (Qiagen, Hilden, Germany)
and sequenced at KIseq (Karolinska Institutet,
Stockholm, Sweden). NIH-3T3 cells were transfected
using Lipofectamine 2000 (Invitrogen) in accordance
with the manufacturer’s instructions. Some cultures
were transfected with the pEGFP expression plasmid
(Clontech) encoding a variant of green fluorescent
protein to control for unspecific effects of protein
overexpression. In order to study the influence of
cAMP-dependent factors, some cultures were treated
with forskolin (100 μM; Sigma-Aldrich) dissolved in
DMSO (final concentration 0.1%) for 24 h.

Extraction of RNA and reverse transcription
Total RNA was extracted using the RNeasy kit (Qi-
agen). The amount and purity of the RNA was as-
sessed by spectrophotometry (Ultrospec Plus, Phar-
macia LKB Biotechnology). Total RNA (200 ng to
1 μg) was subsequently treated with 0.5 to 1 unit
of amplification grade DNase I (Invitrogen) for 15
min at room temperature and inactivated by the ad-
dition of 2.5 mM EDTA followed by incubation at
65◦C for 10 min according to the manufacturer’s in-
structions. The DNase-treated RNA was reverse tran-
scribed in 20-μl reactions containing the following
reagents from Invitrogen: 150 ng of random hexam-
ers, 1× First Strand Buffer, 10 mM dithiothreitol
(DTT), and 500 μM of each dNTP and 100 U Super-
script II. cDNA synthesis was allowed to proceed for
1 h at 42◦C before inactivation at 72◦C for 10 min.
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RT-PCR
One-microliter cDNA template was amplified in a 20-
μl reaction containing 0.5× Titanium Taq DNA Poly-
merase, 1× PCR Buffer (Clontech), 1.25 μM gene-
specific forward and reverse primers (Table 1) and
200 μM of each dNTP (Invitrogen). A GenAmp PCR
system 9700 (Applied Biosystems) was used. PCR
products were electrophoresed in 2% agarose gel.
Double-stranded DNA was stained in 1× SYBR Gold
(Invitrogen) and subsequently visualized and docu-
mented on a Gel Doc 2000 system (BioRad, Hercules,
USA).

Real-time PCR and data analysis
One-microliter cDNA templates were added to trip-
licate 25-μl reaction mixtures using Platinum SYBR

References

Akiyama Y, Hosoya T, Poole AM, Hotta Y (1996). The
gcm-motif: a novel DNA-binding motif conserved in
Drosophila and mammals. Proc Natl Acad Sci U S A
93: 14912–14916.

Antony JM, van Marle G, Opii W, Butterfield DA, Mallet
F, Yong VW, Wallace JL, Deacon RM, Warren K, Power
C (2004). Human endogenous retrovirus glycoprotein-
mediated induction of redox reactants causes oligoden-
drocyte death and demyelination. Nat Neurosci 7: 1088–
1095.

Aronsson F, Karlsson H, Ljunggren HG, Kristensson K
(2001). Persistence of the influenza A/WSN/33 virus
RNA at midbrain levels of immunodefective mice. J Neu-
roVirol 7: 117–124.

Asp L, Beraki S, Aronsson F, Rosvall L, Ogren SO, Kris-
tensson K, Karlsson H (2005). Gene expression changes
in brains of mice exposed to a maternal virus infection.
Neuroreport 16: 1111–1115.

Blond JL, Lavillette D, Cheynet V, Bouton O, Oriol G,
Chapel-Fernandes S, Mandrand B, Mallet F, Cosset FL
(2000). An envelope glycoprotein of the human endoge-
nous retrovirus HERV-W is expressed in the human pla-
centa and fuses cells expressing the type D mammalian
retrovirus receptor. J Virol 74: 3321–3329.

Chang CW, Chuang HC, Yu C, Yao TP, Chen H (2005).
Stimulation of GCMa transcriptional activity by cyclic
AMP/protein kinase A signaling is attributed to CBP-
mediated acetylation of GCMa. Mol Cell Biol 25: 8401–
8414.

Cheng YH, Handwerger S (2005). A placenta-specific en-
hancer of the human syncytin gene. Biol Reprod 73: 500–
509.

Cross JC, Anson-Cartwright L, Scott IC (2002). Transcrip-
tion factors underlying the development and endocrine
functions of the placenta. Recent Prog Horm Res 57:
221–234.

Dupressoir A, Marceau G, Vernochet C, Benit L, Kanel-
lopoulos C, Sapin V, Heidmann T (2005). Syncytin-A
and syncytin-B, two fusogenic placenta-specific murine
envelope genes of retroviral origin conserved in Muri-
dae. Proc Natl Acad Sci U S A 102: 725–730.

Hosoya T, Takizawa K, Nitta K, Hotta Y (1995). Glial cells
missing: a binary switch between neuronal and glial de-
termination in Drosophila. Cell 82: 1025–1036.

Green qPCR Supermix UDG (Invitrogen) or TaqMan
Universal PCR Master Mix (Applied Biosystems)
reagents. An ABI Prism 7000 real-time thermo-
cycler was used for all assays. Primers (Invit-
rogen) and probe (Applied Biosystems) are pro-
vided in Table 1. Threshold cycle (Ct) values
from the exponential phase of the PCR amplifica-
tion plot for each target transcript were normal-
ized to that encoding glyceraldehyd-3-phosphate
dehydrogenase (GAPDH). From these values, fold-
differences in the levels of transcripts between the
two groups were calculated according to the for-
mula 2−��Ct (Livak and Schmittgen, 2001).The non-
parametric Mann-Whitney test was used to com-
pare the relative levels of transcripts between
groups.

Iwasaki Y, Hosoya T, Takebayashi H, Ogawa Y, Hotta Y, Ike-
naka K (2003). The potential to induce glial differentia-
tion is conserved between Drosophila and mammalian
glial cells missing genes. Development 130: 6027–6035.

Jones BW, Fetter RD, Tear G, Goodman CS (1995). Glial
cells missing: a genetic switch that controls glial versus
neuronal fate. Cell 82: 1013–1023.

Keith JC Jr, Pijnenborg R, Van Assche FA (2002). Placental
syncytin expression in normal and preeclamptic preg-
nancies. Am J Obstet Gynecol 187: 1122-1123; author
reply 1123–1124.

Knerr I, Beinder E, Rascher W (2002). Syncytin, a novel hu-
man endogenous retroviral gene in human placenta: ev-
idence for its dysregulation in preeclampsia and HELLP
syndrome. Am J Obstet Gynecol 186: 210–213.

Knerr I, Schubert SW, Wich C, Amann K, Aigner T, Vogler T,
Jung R, Dotsch J, Rascher W, Hashemolhosseini S (2005).
Stimulation of GCMa and syncytin via cAMP mediated
PKA signaling in human trophoblastic cells under nor-
moxic and hypoxic conditions. FEBS Lett 579: 3991–
3998.

Kudo Y, Boyd CA, Sargent IL, Redman CW (2003). Hypoxia
alters expression and function of syncytin and its recep-
tor during trophoblast cell fusion of human placental
BeWo cells: implications for impaired trophoblast syn-
cytialisation in pre-eclampsia. Biochim Biophys Acta
1638: 63–71.

Lavillette D, Marin M, Ruggieri A, Mallet F, Cosset FL, Ka-
bat D (2002). The envelope glycoprotein of human en-
dogenous retrovirus type W uses a divergent family of
amino acid transporters/cell surface receptors. J Virol
76: 6442–6452.

Lee X, Keith JC Jr, Stumm N, Moutsatsos I, McCoy JM, Crum
CP, Genest D, Chin D, Ehrenfels C, Pijnenborg R, van
Assche FA, Mi S (2001). Downregulation of placental
syncytin expression and abnormal protein localization
in pre-eclampsia. Placenta 22: 808–812.

Livak KJ, Schmittgen TD (2001). Analysis of relative gene
expression data using real-time quantitative PCR and the
2(-Delta Delta C(T)) Method. Methods 25: 402–408.

Matouskova M, Blazkova J, Pajer P, Pavlicek A, Hejnar J
(2006). CpG methylation suppresses transcriptional ac-
tivity of human syncytin-1 in non-placental tissues. Exp
Cell Res 312: 1011–1020.



Influenza A virus transactivates syncytin B and Gcm1
L Asp et al 37

Mi S, Lee X, Li X, Veldman GM, Finnerty H, Racie L, LaVal-
lie E, Tang XY, Edouard P, Howes S, Keith JC Jr, McCoy
JM (2000). Syncytin is a captive retroviral envelope pro-
tein involved in human placental morphogenesis. Na-
ture 403: 785–789.

Nellaker C, Yao Y, Jones-Brando L, Mallet F, Yolken RH,
Karlsson H (2006). Transactivation of elements in the
human endogenous retrovirus W family by viral infec-
tion. Retrovirology 3: 44.

Owe-Larsson B, Kristensson K, Hill RH, Brodin L
(1997). Distinct effects of clostridial toxins on activity-
dependent modulation of autaptic responses in cul-
tured hippocampal neurons. Eur J Neurosci 9: 1773–
1777.

Perron H, Lazarini F, Ruprecht K, Péchoux-Longin C, Seil-
hean D, Sazdovitch V, Créange A, Battail-Poirot N,
Sibaı̈ G, Santoro L, Jolivet M, Darlix J-L, Rieckmann P,
Arzberger T, Hauw J-J, Lassmann H (2005). Human en-
dogenous retrovirus (HERV)-W ENV and GAG proteins:
physiological expression in human brain and patho-
physiological modulation in multiple sclerosis lesions.
J NeuroVirol 11: 23–33.

Prudhomme S, Oriol G, Mallet F (2004). A retroviral pro-
moter and a cellular enhancer define a bipartite element
which controls env ERVWE1 placental expression. J Vi-
rol 78: 12157–12168.

Reinacher M, Bonin J, Narayan O, Scholtissek C (1983).
Pathogenesis of neurovirulent influenza A virus infec-
tion in mice. Route of entry of virus into brain deter-
mines infection of different populations of cells. Lab In-
vest 49: 686–692.

Ruprecht K, Obojes K, Wengel V, Gronen F, Kim KS, Perron
H, Schneider-Schaulies J, Rieckmann P (2006). Regula-

tion of human endogenous retrovirus W protein expres-
sion by herpes simplex virus type 1: implications for
multiple sclerosis. J NeuroVirol 12: 65–71.

Schreiber J, Riethmacher-Sonnenberg E, Riethmacher D,
Tuerk EE, Enderich J, Bosl MR, Wegner M (2000). Placen-
tal failure in mice lacking the mammalian homolog of
glial cells missing, GCMa. Mol Cell Biol 20: 2466–2474.

Schreiber J, Sock E, Wegner M (1997). The regulator of early
gliogenesis glial cells missing is a transcription factor
with a novel type of DNA-binding domain. Proc Natl
Acad Sci U S A 94: 4739–4744.

Seamon K, Daly JW (1981). Activation of adenylate cyclase
by the diterpene forskolin does not require the guanine
nucleotide regulatory protein. J Biol Chem 256: 9799–
9801.

Tobita K, Sugiura A, Enomote C, Furuyama M (1975).
Plaque assay and primary isolation of influenza A
viruses in an established line of canine kidney cells
(MDCK) in the presence of trypsin. Med Microbiol Im-
munol (Berl) 162: 9–14.

Voisset C, Blancher A, Perron H, Mandrand B, Mallet F,
Paranhos-Baccala G (1999). Phylogeny of a novel family
of human endogenous retrovirus sequences, HERV-W, in
humans and other primates. AIDS Res Hum Retroviruses
15: 1529–1533.

Voisset C, Bouton O, Bedin F, Duret L, Mandrand B, Mal-
let F, Paranhos-Baccala G (2000). Chromosomal distri-
bution and coding capacity of the human endogenous
retrovirus HERV-W family. AIDS Res Hum Retroviruses
16: 731–740.

Yu C, Shen K, Lin M, Chen P, Lin C, Chang GD, Chen
H (2002). GCMa regulates the syncytin-mediated tro-
phoblastic fusion. J Biol Chem 277: 50062–50068.




